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(Received 9 July 2007; initial acceptance 1 October 2007;
ﬁnal acceptance 17 October 2007; published online 2 January 2008; MS. number: 9449)Animals may use plant compounds to defend themselves against parasites. Wood ants, Formica paralugub-
ris, incorporate pieces of solidiﬁed conifer resin into their nests. This behaviour inhibits the growth of bac-
teria and fungi in nest material and protects the ants against some detrimental microorganisms. Here, we
studied the resin-collecting behaviour of ants under ﬁeld and laboratory conditions. First, we focused on
an important assumption of the self-medication hypothesis, which is that the animals deliberately choose
the active plant material. In ﬁeld cafeteria tests, the ants indeed showed a strong preference for resin over
twigs and stones, which are building materials commonly encountered in their environment. We detected
seasonal variation in the choice of ants: the preference for resin over twigs was more pronounced in spring
than in summer, whereas in autumn the ants collected twigs and resin at equal rates. Second, we found
almost similar seasonal patterns when comparing the collecting rates of pieces of wood that had been
impregnated with turpentine (a distillate of oleoresin) and untreated pieces of wood, which reveals that
the preference for resin is based on odour cues. Third, we tested whether the collection of resin is prophy-
lactic or therapeutic. We found that the relative collection rate of resin versus stones did not depend on an
experimental infection with the entomopathogenic fungus Metarhizium anisopliae in laboratory colonies.
Together, these results show that the ants deliberately choose the resin and suggest that resin collection is
prophylactic rather than therapeutic.
 2007 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.Keywords: antiparasite behaviour; Formica paralugubris; meCorrespo
Biophore
(email: g
0003e3dication; olfaction; prophylaxis; resin; wood antTo fend off the detrimental effects of parasitism, hosts a positive effect on the host ﬁtness in the presence of
have evolved diverse behavioural defences (Hart 1990),
such as detecting and avoiding parasites (Christe et al.
1994), removing diseased individuals (Arathi et al. 2006)
or grooming (Mooring et al. 2004). Some animals may
also exploit the antipathogenic potential of substances
produced by other species either to prevent (prophylactic)
or to cure (therapeutic) parasitic infection (Lozano 1998).
Such defence mechanisms, that is, defence against para-
sites by one species using substances produced by another,
are usually described as self-medication behaviours
(Clayton & Wolfe 1993). There has been considerable de-
bate over what constitutes true adaptive medication
(Sapolsky 1994). Clayton & Wolfe (1993) have proposed
that three criteria should be fulﬁlled: (1) the medicinal
substance must have a detrimental effect on one or
more parasites affecting the host, (2) it must havendence: G. Castella, Department of Ecology and Evolution,
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plant containing the medicinal substance.
Most examples of self-medication concern the exploita-
tion of plant secondary metabolites by vertebrates
(Rodriguez & Wrangham 1993). Plant metabolites display
a wide range of biological activities (Cowan 1999) and
serve to deter phytophages, microbial predators or para-
sites (Hadacek 2002). Although the differentiation be-
tween nutritional and medicinal values of food items
remains generally problematic (Sapolsky 1994), one of
the most convincing examples of animal medication is
the ingestion by chimpanzees, Pan troglodytes, of some
particular plant species to cure helminth infections
(Wrangham 1995; Huffman 2001).
Incorporating green plants into the nest material may
be another way to medicate (Clayton &Wolfe 1993). Such
behaviours have been reported in several bird species
(Wimberger 1984). Whereas many studies found a nega-
tive effect of plant greenery on bird parasites (Clark &
Mason 1985; Gwinner & Berger 2005; Shutler & Campbell
2007), most failed to show any direct ﬁtness beneﬁt fordy of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
ANIMAL BEHAVIOUR, 75, 41592the birds (Fauth et al. 1991; Gwinner et al. 2000; Gwinner
& Berger 2006).
Incorporating plant material into the nest as a way to
keep pathogens at bay is not restricted to vertebrates. As
noticed by naturalists since the 18th century (Re´aumur
1928), workers of the wood ants, Formica paralugubris, col-
lect solidiﬁed conifer resin that they incorporate into their
nests. As resin contains several antimicrobial compounds
(Cowan 1999; Phillips & Croteau 1999) and protects coni-
fers against invading bacteria and fungi (Martin et al.
2002), its incorporation into the nest material may be
a form of medication. Two recent studies gave strong
support to this hypothesis. First, the presence of resin
decreased the density of bacteria and fungi in nest mate-
rial and inhibited the growth of potentially pathogenic
species in vitro (Christe et al. 2003). Second, adult workers
and larvae experimentally infected with the bacteria Pseu-
domonas ﬂuorescens and larvae challenged with the fungal
entomopathogenMetarhizium anisopliae survived better in
presence than in absence of resin (Chapuisat et al. 2007).
These two studies satisfy the ﬁrst two criteria for adaptive
medication. However, the third criterion, that resin
should be deliberately chosen, remains to be investigated.
The ﬁrst aim of this study was to examine whether the
ants actively choose the plant material containing the
active substance, pieces of resin in our case. To answer this
question, we performed cafeteria tests in the ﬁeld and in
the laboratory. We investigated whether workers prefer-
entially collect resin over other building materials present
in their environment. We also examined whether the
potential preference of workers for resin showed seasonal
variation.
The second aim was to determine whether wood ants
rely on olfactory cues to discriminate resin from other
material. We compared the collecting rate of pieces of
wood impregnated with resin-speciﬁc volatile compounds
(turpentine) with the collecting rate of untreated pieces of
wood. We also examined whether this choice showed
seasonal variation.
The third aim was to investigate whether resin collec-
tion is prophylactic or therapeutic. We infected laboratory
colonies with a fungal entomopathogen, M. anisopliae,
and examined the effect on resin collection. Speciﬁcally,
we compared the relative preference of infected and con-
trol colonies for resin and stones. If resin collection is pro-
phylactic, workers from infected and control colonies
should have a similar preference for resin, whereas the
preference for resin should increase in infected colonies
if resin collection is a therapeutic behaviour.METHODSStudy PopulationThe F. paralugubris study population is located near the
Chalet a` Roch (463203200N, 061100800E) in the Swiss Jura
mountains and consists of hundreds of large mounds
forming a supercolony (Chapuisat et al. 1997). The
density of nests is very high, each mound containsmany related queens and neighbouring mounds are inter-
connected by trails (Chapuisat & Keller 1999).Cafeteria Tests in the FieldPreference experiment
A ﬁrst set of cafeteria tests was performed in the ﬁeld to
examine whether workers prefer resin over twigs and
stones. The cafeteria tests took place on trails with a dense
trafﬁc of workers. The tests were conducted during the
morning, in sunny weather, and lasted usually for 6 h.
Some of the tests (5%) lasted for only 4 h because they
had to be terminated before the start of mountain rain
showers. In all tests on any given day, resin, twigs and
stones were presented together for the same duration.
Three plastic trays were randomly placed in an area of
0.04 m2 previously cleared of branches and stones. On
each tray, a mean of 1.45  0.23 g resin, 1.52  0.32 g
stones or 1.42  0.19 g twigs were deposited, representing
ca. 60 pieces for each material. The area was then moni-
tored for 1 min to ensure that workers visited all three
trays. If one or more trays were not visited during this
period, its position was changed to facilitate workers’ visit.
At the end of the test, the material remaining in each tray
was weighed. Twenty-eight trails were tested in spring
(April 2007), 45 in summer (July 2006) and 23 in autumn
(October 2006), resulting in 96 replicates. Each trail was
connected to a different nest and was tested only once
per season.
Odour cues experiment
A second set of cafeteria tests was performed to in-
vestigate whether wood ant workers distinguished resin
from other material by means of olfactory cues. We
compared the collecting rates of pieces of wood impreg-
nated with turpentine (a distillate of conifer resin; ARIES
SA, Switzerland) and untreated pieces of wood. In a glass
container, we mixed turpentine with pieces of wood at
a 1:500 weight ratio and left them to impregnate for 2
weeks. The pieces of untreated wood were put into a glass
container without turpentine. Cafeteria tests consisted of
two trays ﬁlled with 1.65  0.52 or 1.68  0.58 g turpen-
tine-treated or untreated wood, respectively, correspond-
ing to ca. 150 pieces, placed on an ant trail. Twenty-seven
trails were tested in spring (April 2007), 29 in summer
(July 2006) and 35 in autumn (October 2006), resulting
in 91 replicates. Again, only independent trails connected
to different nests were tested in each season.Infection ExperimentIn July 2005, we collected 3 litres of nest material and
workers from each of 15 randomly chosen nests (total
45 litres). Nest material was sampled from within the
upper parts of the mounds and consisted of twigs and nee-
dles. When present, queens and pupae were also collected.
Nest material and workers from all colonies were mixed
together, taking advantage of the lack of aggression be-
tween individuals in this population (Holzer et al. 2006).
Table 1. Cafeteria tests with resin, twigs and stones (two-way mixed
model on the mass collected)
df num df den F P
Material type 2 186 43.79 <0.0001
Season 2 93 8.90 0.0003
Material type*season 4 186 7.31 <0.0001
CASTELLA ET AL.: PROPHYLAXIS IN WOOD ANTS 1593All pieces of resin were removed from nest material with
soft forceps.
Experimental units were composed of a large plastic
container harbouring the nest and connected to a smaller
arena by a transparent plastic pipe (25 cm, diameter
1.5 cm). All containers were side-coated with ﬂuon to
prevent ants from escaping. The homogenous stock of
workers and nest material was split into 30 parts and allo-
cated to 30 experimental units. Each experimental unit
thus consisted of approximately 1.4 litres of nest material
and 800 workers. Two queens, 25 pupae, one larva and 12
eggs were also added to each experimental unit. Solid food
(a mixture of water, honey, agar and egg) and a tube ﬁlled
with distilled water were provided in the foraging arena.
The units were left for 4 days so that the ants could get
used to the experimental set-up and construct their nest.
Experimental units were kept at 25C with daily vaporiza-
tion of sterile water to maintain high humidity.
The fungus M. anisopliae is a virulent pathogen of wood
ants (Chapuisat et al. 2007). We used here a wild strain
that we isolated from a soil sample in the upper Rhoˆne
Valley in Switzerland (A. Reber et al., unpublished data)
and cultured on a nutritive medium (malt extract Agar;
Oxoid) for 5 days. Spores were harvested and suspended
in a sterile Tween 20 (0.05%) solution (1.3  108 spores/
ml). One half of the colonies were infected with 3 ml of
the spore solution and the other half received 3 ml of a
Tween 20 (0.05%) solution. These were deposited on
a ﬁlter paper (64 cm2) in the nest area. Later, the infected
group received 2 ml of spore solution every 2 days during
8 days whereas the control group received 2 ml of Tween
20 solution. This infection mode was efﬁcient in an earlier
study (Chapuisat et al. 2007).
At the beginning of the experiment, 0.5 g resin and
0.5 g stones, corresponding to ca. 25 pieces, were placed
on a single plastic tray in the foraging area. After 6 h,
the resin and stones remaining in the foraging area were
weighed and both were replenished up to 0.5 g. This
procedure was repeated every 24 h for 20 days.Statistical Analyses0.4
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models. Material type (resin, twigs or stones and turpen-
tine-impregnated or untreated pieces of wood), season
(spring, summer or autumn) and infection status (infected
or control) were used as ﬁxed factors, whereas replicates
were used as random factors. The models were ﬁtted using
the REML method. Differences between groups were
tested with paired Student’s t tests. All statistical analyses
were performed with JMP 6.0 (SAS Institute Inc., Cary,
NC, U.S.A.).0.2
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Spring Summer Autumn
Figure 1. Mean  SE mass in g of resin (white bar), twigs (grey bar)
and stones (black bar) collected by workers in cafeteria tests, for each
season.Wood ant workers preferred to collect some material
over others in ﬁeld cafeteria tests (Table 1). Overall,
workers showed a strong preference for resin over twigs(mean mass  SE: resin ¼ 0.60  0.04 g; twigs ¼ 0.39 
0.03 g; t ¼ 4.40, df ¼ 95, P < 0.001) which in turn were
preferred over stones (mean mass  SE: stone ¼ 0.21 
0.02 g; t ¼ 5.67, df ¼ 95, P < 0.001).
This preference for resin depended on the season as
shown by the highly signiﬁcant interaction between
material type and season (Table 1). In spring, workers pre-
ferred pieces of resin over twigs or stones (Fig. 1; resin ver-
sus stones: t ¼ 5.70, df ¼ 27, P < 0.001; resin versus twigs:
t ¼ 5.84, df ¼ 27, P < 0.001; stones versus twigs: t ¼ 1.43,
df ¼ 27, P ¼ 0.16). In summer, workers collected more
resin than twigs and more twigs than stones (Fig. 1; resin
versus stones: t ¼ 6.89, df ¼ 44, P < 0.001; resin versus
twigs: t ¼ 3.53, df ¼ 44, P ¼ 0.001; stones versus twigs:
t ¼ 4.01, df ¼ 44, P < 0.001). In autumn, workers prefer-
entially collected twigs and resin over stones (Fig. 1; resin
versus stones: t ¼ 3.75, df ¼ 22, P ¼ 0.001; resin versus
twigs: t ¼ 1.37, df ¼ 22, P ¼ 0.18; stones versus twigs:
t ¼ 6.97, df ¼ 22, P < 0.001).Odour Cues ExperimentThere was a seasonal variation in the preference for
turpentine-impregnated versus untreated pieces of wood,
as shown by the highly signiﬁcant interaction between
material type and season (Table 2). In spring, workers pref-
erentially collected pieces of wood impregnated with tur-
pentine (t ¼ 3.83, df ¼ 26, P < 0.001; Fig. 2). In summer,
workers had no signiﬁcant preference (t ¼ 0.78, df ¼ 28,
P ¼ 0.44; Fig. 2). In autumn, workers preferentially
collected untreated pieces of wood (t ¼ 6.44, df ¼ 34,
P < 0.001; Fig. 2).
Table 2. Cafeteria tests with turpentine-impregnated and untreated
pieces of wood (two-way mixed model on the mass collected)
df num df den F P
Odour cues 1 88 10.26 0.002
Season 2 88 16.09 <0.0001
Odour cues*season 2 88 38.27 <0.0001
Table 3. Effect of experimental infection on the relative rate of resin
and stone collection (two-way mixed model on the mass collected
during 20 days)
df num df den F P
Material type 1 28 62.67 <0.0001
Infection status 1 28 4.16 0.05
Material type*infection status 2 28 1.02 0.32
ANIMAL BEHAVIOUR, 75, 41594Infection ExperimentWood ants in laboratory colonies collected a greater
amount of resin than stones in both the infected and the
control groups (Table 3, Fig. 3). However, colonies infected
withM. anisopliae gathered signiﬁcantly less material than
colonies from the control group (Table 3, Fig. 3). The
relative proportion of resin and stone collected was similar
and close to 80% in both groups, indicating that the
experimental infection did not signiﬁcantly inﬂuence
the preference for resin (Table 3, Fig. 3).DISCUSSION
Wood ants show a strong preference for conifer resin over
other building materials under both ﬁeld and laboratory
conditions. This active choice and preference for resin
explains the huge quantities of solidiﬁed conifer resin
found in some wood ant mounds in various geographical
areas (up to 20 kg per mound; Re´aumur 1928; Lenoir et al.
1999; Christe et al. 2003).
The demonstration of an active choice for conifer resin
by wood ants fulﬁls an important criterion for adaptive
medication (Clayton & Wolfe 1993). Resin inhibits bacte-
ria and fungi (Christe et al. 2003), increases the survival of
ants exposed to pathogens (Chapuisat et al. 2007) and is
deliberately collected by wood ant workers (this study).
These results are fully consistent with the hypothesis
that collecting resin has evolved to ﬁght pathogens,
without excluding the possibility that resin has other
functions.
The proportion of resin and twigs collected by workers
showed seasonal variation. Whereas in spring and sum-
mer, workers strongly preferred to collect resin over other0
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Figure 2. Mean  SE mass in g of turpentine-impregnated wood
(white bar), and untreated wood (grey bar) collected by workers
in cafeteria tests, for each season.material types, this was not the case in autumn. Workers
thus bring proportionally more resin and fewer twigs to
their colonies during spring and summer than during
autumn. This seasonal pattern might be explained by an
increased need for twigs in autumn, for instance to
prepare the nest for the harsh conditions of winter.
Alternatively, it may be due to variation in the costs
imposed by parasites throughout the year. Parasites often
time their reproduction to that of their hosts (Christe et al.
2000). As the brood is produced and reared in spring and
summer, large amounts of resin might help the larvae to
better resist parasites (Chapuisat et al. 2007). Such sea-
sonal variability has been suggested in other animal med-
ication studies. Huffman et al. (1997) reported a seasonal
change in medicinal plant intake in chimpanzees and
Clark & Smeraski (1990) suggested that the seasonal shift
in sensibility to plant odours observed in starlings might
be related to medication via incorporation of green plants
to the nest.
Our results suggest that wood ants rely on odour cues to
distinguish resin from other material in their environ-
ment. Speciﬁcally, they strongly discriminate between
turpentine-impregnated and untreated pieces of wood.
Moreover this preference partially reﬂects the preference
for resin over the seasons. Turpentine is extracted from
resin and contains resin-speciﬁc volatile compounds, such
as monoterpenes and sesquiterpenes. Such chemicals
often have both antimicrobial activity and strong odours.
This association probably favours the use of olfactory cues
to detect medicinal plants (Hart 2005), as suggested for
blue tits (Petit et al. 2002).0
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Figure 3. Mean  SE mass of resin (white bars) and stone (black
bars) collected by workers in the infected and control groups. The
masses of both material types (resin and stone) are summed over
20 days.
CASTELLA ET AL.: PROPHYLAXIS IN WOOD ANTS 1595The experimental infection with M. anisopliae lowered
the collecting activity of workers but did not affect the
strength of the preference for resin. Resin collection by
wood ants thus appears to be a prophylactic behaviour
rather than a therapeutic response induced by a pathogen.
It is possible that relying on seasonal cues to prophylacti-
cally modulate resin intake is more efﬁcient than respond-
ing to an infection, particularly if the pressure of parasites
varies predictably. More generally, the therapeutic use of
medicinal plants suggested in mammals (Huffman 2003;
Villalba et al. 2006) may require complex learning abilities
(Huffman & Hirata 2004) and might therefore be less
likely to evolve in insects. It should also be noted that,
because we tested only one pathogen species, we cannot
exclude the possibility that other pathogens might induce
a therapeutic response.
Wood ants are not the only insects that use tree resin in
original ways. Honeybees, Apis mellifera, seal their hives
and encapsulate parasitic beetles with propolis, a resinous
substance that has antibacterial properties (Burdock 1998;
Neumann et al. 2001), bark beetles, Ips paraconfusus,
produce an aggregation pheromone from an a-pinene pre-
cursor (Renwick et al. 1976) and larvae of pine sawﬂies,
Neodiprion sertifer, repel predators by regurgitating a mix-
ture of terpenes extracted from resin (Eisner et al. 1974).
The ‘recycling’ of plant secondary metabolites by
animals might thus be a widespread phenomenon which
takes advantage of active chemicals without having to
evolve and maintain costly metabolic pathways.Acknowledgments
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